Introduction 25
High mountain environments are among those most likely to be altered by climate 26 change (Grabherr et al. 1994; Pauli et al. 2007 ). Reductions in snow cover and rising 27 temperatures have been documented for many high mountain areas (Beniston 2003) , 28 with associated vegetation responses including the colonisation of nival areas by 29 alpine plant species (Grabherr et al. 1994; Pauli et al. 2007 ). Within the alpine zone, 30 there are specialised plant communities limited to snowbeds, defined here as sites 31 where snow cover remains weeks or months after the general thaw (Gough et al. 32 2000) . These snowbeds and their constituent species could be particularly at risk 33 because they are limited spatially, being dependent upon the specific microclimatic 34 and topographical conditions that result in the accumulation of deeper and longer 35 lasting snow than at adjacent sites. 36
The Snowy Mountains (36°27'S 148°16'E) have the longest lasting snowpatches 37 in Australia, while further south the last snowpatches of the lower altitude Victorian 38
Australia have warmed over the past 35 years at a rate of about 0.2C per decade, 50 with projections for 2050 of possible reductions by 96% in the area sustaining snow 51 cover for more than 60 days year -1 (Whetton 1998; Hennessy et al. 2003) . The date of 52 thaw for snowpatches is generally related to the duration of the snowpack as 53 measured at Spencers Creek, where the duration of the snowpack has declined 54 significantly over the past 54 years (Green 2008 ; Green and Pickering in press). As a 55 result, these two vegetation communities, supporting several locally endemic species 56 Plant assemblage composition was analysed using dissimilarity matrix and 137 ordinations performed in the multivariate statistical package PRIMER (version 5.2.2). 138
First, cover data for all vascular plant species and other surface categories (bare 139 ground, rock and litter cover) were used to calculate dissimilarity matrices using the 140 Bray-Curtis dissimilarity measures. Then, non-metric multidimensional scaling 141 (nMDS), with 50 repetitions, was used to describe the maximum variation among 142 zones/ snowbeds graphically in two dimensions (nMDS axes 1 and 2) with the 143 closeness of fit of the nMDS axes to the dissimilarity matrix expressed in terms of 144 stress. This type of ordination has produced reliable, simple and statistically 145 significant analyses of a wide range of ecological community data and is commonly 146 used to analyse vegetation composition data including for indirect gradient analysis 147 (Minchin 1987 Analysis of Similarity (ANOSIM) was performed for the dissimilarity matrixes. 154 ANOSIM is a non-parametric permutation procedure applied to the rank dissimilarity 155 matrix that is analogous to Analysis of Variance but is distribution-free (Clarke 1993). 156
The SIMPER function was used on the nMDS dissimilarity matrixes for plant 157 composition to identify which plant species, rock, bare ground or litter contributed to 158 the separation of the zones. 159
It was not possible to match different combinations of physical variables to the nMDS 160 dissimilarity matrix for plant composition using Mantel's test because some physical 161 variables could not be measured in all zones (Table 1) . 162
In addition to assessing plant assemblages using ordinations, differences in percentage 163 cover of rock, total vegetation cover, cover of herbs, cover of graminoids, cover of 164 cryptogams and species richness (per 1 m 2 quadrat) among zones were tested using 165
One-way ANOVAs with snowbeds treated as a block in the statistical package SPSS 166 (Version 14.0). To normalize the percentage cover data before analysis, values were 167 transformed using the arcsine of the square root of the fraction. 168 169 The growing-period-day-equivalents in each year were calculated as the sum of all 204 hours in which the soil temperature was >5 ºC divided by 24 (Huelber et al. 2006) . 205
Insert
The >5 ºC threshold was used, because it has been assumed that photosynthesis and 206 growth will be occurring above that soil temperature threshold (Huelber et al. 2006) . 207
Finally, the hourly temperature sum >5 ºC (growing-degree days or GDD) was 208 calculated by adding all soil temperature values per hour that were >5 ºC for a year 209 (Huelber et al. 2006) . 210
The snow-free season length, average daily temperature, growing-period-day-211 equivalents and GDD were compared in SPSS using a Repeated Measures Split Plot 212 ANOVA with year as the repeated measure, snowbed as the plot, and zones nested 213 within plots. In addition, a Two-Way ANOVA with no interaction was used to 214 compare average daily temperature for the three years among snowbeds and zones. 215
Soil depth, soil moisture and height of water table were measured, and soil 216 nutrients were sampled in zones C, D and E within snowbeds. Zones A and B were 217 not sampled because they consisted mainly of rock (Table 2) Table 2 here 281
Insert Table 3 here 282
Insert Table 4 (10% cover) with most of the zone consisting of rocks (88%). This zone was the most 287 consistent in plant composition among snowbeds with 84% similarity (Fig. 2a , Table  288 2). Instead of having species that were considered characteristic of snowpatch 289
feldmark (Coprosma niphophila, Colobanthus nivicola, Ranunculus anemoneus and 290
Epilobium tasmanicum), the vegetation in this zone consisted nearly entirely of the 291 low growing stoloniferous Neopaxia australasica (6.7%, Table 2 (Table 5) . 298
In the transition (Zone B) between the rock-dominated zone under the late-lying 299 vegetation cover, nearly half of which was cryptogams (Appendix 1), was higher at 302 34% (Table 2) . Neopaxia australasica was again important with 13% cover. The 303 cover of graminoids increased, with snowgrasses (Poa costiniana and P. hiemata) 304 accounting for just under 4% of the ground cover. 305
In the locations that have been considered characteristic of short alpine herbfield 306 vegetation (Zone C), the snow-free season averaged 99 days (Table 5 ). There was 307 considerable variation in composition and cover of surface types in this zone, with an 308 average similarity of only 36% among quadrats (Fig. 2) . Rocks covered an average of 309 21% of the ground, with vegetation cover at 76%, consisting of equal amounts of 310 graminoids (33%) and herbs (33%) ( Table 2 ). Vegetation was characterised by 311
Neopaxia australasica (28%), cryptogam (15%), and the two graminoids, Luzula 312 acutifolia (a species of short alpine herbfield, 9%) and Rytidosperma nudiflorum (a 313 species of tall alpine herbfield, 7%) (Appendix 1). Species richness was high, with 6.6 314 species per m 2 , and a total of 35 species recorded in the zone (Appendix 1). Ten of 315 these species were considered characteristic of short alpine herbfield, three of which 316 were also found in snowpatch feldmark (Costin et al. 1979) . A high diversity, 317 particularly of herb species that each occurred at low cover and frequency is likely to 318 have contributed to variation in this zone. 319
The intermediate zone (D) between short alpine herbfield (C) and tall alpine 320 herbfield (E) had higher cover values for graminoids, principally the snowgrasses Poa 321 costiniana (51%) and P. fawcettiae (13%), and another grass, Rytidosperma 322 nudiflorum accounting for another 7% of cover. As a result, the cover of graminoidswith total herb cover averaging only 3.9%. There was limited rock cover (6.6%), and 325 some bare ground (~4%). The snow-free season averaged 118 days (Table 5) . 326
The final zone, tall alpine herbfield (E) was characterised by near complete 327 vegetation cover (95%), predominantly graminoids (87%), with Poa costiniana alone 328 having 56% cover. The other important grasses were Rytidosperma nudiflorum (21%) 329
and Poa fawcettiae (8%). Herb cover was higher than in the transition zone (D) with 330 12% herbs, the most common of which was Celmisia costiniana (9%). Species 331 richness per quadrat was low (3.9), although 27 species were recorded in this zone, all 332 of which are species of tall alpine herbfield (Costin et al. 1979 ). The snow-free season 333 averaged 152 days (Table 5) . 334
335

Physical characteristics beneath snowpatches 336
There were significant differences in average daily soil temperature among the five 337 zones (F =17.868, P <0.001) among the snowbeds (F = 6.373, P = 0.005) and among 338 years (Fig. 3) Table 5 here 345
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The soil temperature differed among zones in snowbeds (Fig. 3) . Zone A at the 348 core of the snowbed with little or no vegetation cover differed from the heavilyvegetated zone E in that it had: a lower average daily temperature (1.6 ºC cf. 4.7 ºC), a 350 shorter snow-free season (62 cf. 152 days) and fewer growing-period-day-equivalents 351 (48 cf. 123) (Table 5 and 6 ). There was a consistent gradient of longer snow free 352 periods and higher average temperatures from zones A to E except that there was no 353 significant difference for growing-period-day-equivalents and temperature sum 354 between zones A and B. Because the bare soil surface was exposed most to insolation 355 in zone A, the highest temperatures and greatest variation occurred there. By contrast, 356 the warmest zone (E) had a lower maximum temperature and less variation because of 357 the shading effect of tall grass in the covering herbfield. 358
There were clear differences in soils within snowbeds from zone C to E (Table 4,  359 Appendix 2). There were significant differences among zones in the snowbeds in C, 360 N, -4 N, nitrate/nitrite, extractable and total P, Al, K, Na, and soil depth. Most nutrients 361 increased in soils with progression down slope from zone C to zone E; percentage C 362 and N, together with NH 4-N, total P, Al, K, and Na were all significantly higher in 363 zone E than in zone C. Extractable P decreased significantly down slope. Soil depth 364 increased from an average of 58 mm in zone C to 225 mm in zone E in snowbeds 365 (Table 7) . Over the same distance, soil moisture content fell from 23% to 10% (but 366 this was not statistically significant) and the temporal frequency at which the water 367 table occurred in the top 150 mm of the soil declined from about 44% to 4% down 368 slope but could not be tested using parametric statistics, because there were so many 369 zero values (Table 7) . 370 with distance down slope, from late melting sites to early melting sites as found for 376 snowpatches elsewhere (Ostler et al. 1982 ; Venn and Morgan 2007). As a 377 consequence of these shallower soils in short alpine herbfield, the water table was at a 378 higher level throughout the growing season, however, soil moisture in the top 60 mm 379 (the length of the probe used) did not yield significantly higher moisture levels. 380
There were significant differences in soil chemistry among snowbeds that were 381 generally not related to the differences in geology, with only magnesium, manganese 382 and zinc associated with rock type being lower on granites than on sedimentary rock 383 Levels of NH 4 -N and NO 3 -N in the C zone were of the same order of magnitude as in 397 nival zone soils the Tyrolean Alps (Haselwandter et al. 1983 ). By contrast, in theplant communities but this may be due to topography, and it appears that there waslittle uptake of this nitrogen by snowbed plants . 401
In the present study, levels of nitrogen, organic matter and phosphorus were 402 significantly higher in the deeper soils of zone E than zone C, a similar situation to 403 that occurring in Colorado (Stanton et al. 1994 C (short alpine herbfield -preferentially on wet sites) but was more likely to be found 469 uphill in Zones A and B rather than downhill in D and E (Appendix 1) suggesting that 470 as a colonising species (Irwin and Rogers 1986; Good 1998) it has taken advantage of 471 bare ground made available for plant growth by the loss of snow cover. By contrast,it also had a higher cover value. Rather than suggesting that P. glacialis is colonising 474 downslope, the finding of this species more commonly in the transition zone between 475 E (tall alpine herbfield) and C (short alpine herbfield) associated with Poa suggests 476 that these transition zones were, in the past, short alpine herbfield and that Poa is 477 invading upslope. It is possible that N. australasica is now more common than it was 478 because of its colonising ability but P. glacialis appears to be less common. is reasonable soil depth, both short and tall alpine herbfield species are able to grow,it may be that as growing seasons lengthen, most of the area that was previously 500 considered short alpine herbfield dominated by herbs, becomes dominated by taller 501 growing grasses. 502
The historic impacts of long-lasting snow beneath the centre of snowpatches has 503 left skeletal soils with >80% rock cover. With reduction in snow cover there may be a 504 change in which species are able to grow in these sites as growing season lengthen. 505
However, seedling emergence, growth and survival are all reduced in areas of sparse 506 vegetation cover and infertile soil that characterise these areas (Stanton et al. 1994) . 507
With loss of snow cover, these sites will also experience more variable climatic 508 conditions during the snow-free period. As a result it appears unlikely that many short 509 alpine herbfield species that tend to prefer wet deep soils will be able to colonise these 510 sites. Instead, other species including those from the snowpatch feldmark above 511 snowpatches or colonising species associated with tall alpine herbfields may colonise 512 these areas. The future of short alpine herbfield as a distinct plant community 513 associated with snowpatches is, therefore, now in doubt (Good 1998 Litter 0.1 ± 0.1 0.6 ± 0.6 0 1.2 ± 0.7 2.8 ± 1.1 Rock 88.6 ± 3.7 64.9 ± 4.8 21.0 ± 4.2 6.6 ± 3.7 1.2 ± 0.7 Bare ground 1.2 ± 0.8 0 1.5 ± 0.6 4.4 ± 1.2 1.4 ± 0.5 Total vegetation 10.2 ± 3.0 34.4 ± 4.8 77.5 ± 4.3 87.8 ± 4.3 94.6 ± 1.7 Graminoid 2.0 ± 0.6 7.4 ± 1.5 33.4 ± 4.9 82.1 ± 3.8 86.9 ± 7.2 Herb 7.2 ± 3.1 13.1 ± 2.5 32.9 ± 7.1 3.9 ± 1.3 11.9 ± 6.2 Cryptogams 1.4 ± 0.9 15.1 ± 4.5 16.1 ± 3.0 7.8 ± 2.5 3.2 ± 1.9 Species richness Per 1 m 2 quadrat (mean of three per zone) 4.0 ± 0.5 4.8 ± 0.2 6.6 ± 0.5 6.3 ± 0.7 3.9 ± 0. 
